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Abstract
We present distinct demarcation of the Bragg glass (BG) to multi-domain vortex glass (VG) transition line and the eventual
amorphization of the VG phase in a weakly pinned single crystal of the superconducting compound Ca3Ir4Sn13 on the basis of
comprehension of the different yields about the second magnetization peak (SMP) anomaly in the dc magnetization and the
corresponding anomalous feature in the ac susceptibility measurements. The shaking by a small ac magnetic field, inevitably
present in the ac susceptibility measurements, is seen to result in contrasting responses in two different portions of the field-
temperature (H, T) phase space of the multi-domain VG. In one of the portions, embracing the BG to VG transition across
the onset of the SMP anomaly, the ac drive is surprisingly seen to assist the transformation of the well ordered BG phase to a
lesser ordered VG phase. The BG phase exists as a superheated state over a small portion of the VG space and this attests to
the first order nature of the BG to VG transition.
PACS numbers: 74.25.Ld, 74.25.Ha, 74.25.Op
Keywords: Peak effect, second magnetization peak, first-order transition
I. INTRODUCTION
The advent of high Tc superconductivity [1] had made
it enlightening and relevant to locate different phase
boundaries in the H–T phase space [2–9], depicting
the various possible phase transformations for the vor-
tex matter in a type-II superconductor. A widely in-
vestigated anomaly elucidating the features of the vor-
tex phase diagram of a high Tc cuprate superconductor,
YBa2Cu3O7 (YBCO) [9–16], has been the peak effect
(PE) phenomenon [2], which amounts to a sudden in-
crease in the otherwise monotonically decreasing critical
current density (jc) just before reaching the upper crit-
ical field line, Hc2(T ). As per the Larkin-Ovchinnikov
[17] description, jc is related inversely to the volume
(Vc) (jc ∝ 1/√Vc) of the domain within which the dis-
placements of the individual flux lines remain well cor-
related. Hence, an anomalous increase in jc(H,T ) (as
in PE phenomenon) signifies a shrinkage in Vc, which in
turn, amounts to an order-disorder transformation of the
vortex matter. Somewhat analogous to the PE, there
is another anomalous feature occurring deep inside the
mixed state (well below Hc2), called the second magne-
tization peak (SMP) [9, 15, 16, 18–24] which also im-
prints as a non-monotonic behavior of jc(H). The SMP
feature has been well studied in high Tc cuprate super-
conductors, YBa2Cu3O7 (YBCO) [9], Bi2Sr2CaCu2O8
(BSCCO) [20, 21] and another oxide superconductor,
(Ba,K)BiO system[22–24].
As an important consequence of the above mentioned
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studies of the vortex phase transformations in the high Tc
superconductors, the PE/SMP behavior and the vortex
phase diagrams have been revisited various times in sev-
eral conventional superconductors, such as, Nb [25–27],
2H-NbSe2 [2, 3, 7, 28–33], YNi2B2C [34, 35], LuNi2B2C
[34] Ca3Rh4Sn13 [16, 36–39], Yb3Rh4Sn13 [40, 41] etc.,
The order-disorder transitions (a la PE and SMP) re-
ported in Ca3Rh4Sn13 (CaRhSn) by some of the present
authors [16] bore a marked resemblance with character-
istic results in some single crystals of the high Tc super-
conductor YBCO. In addition, a recent report [39] of an
exemplification of the notion of inverse melting of the
vortex lattice in a crystal of CaRhSn echoes well with
the similar characteristic in the high Tc superconductors
YBCO [42] and BSCCO [43]. The above mentioned in-
vestigations in the low Tc superconductors have thus lead
to the revelation of many instructive aspects of the PE
and the SMP anomalies. For example, the results of small
angle neutron scattering (SANS) together with ac suscep-
tibility measurements performed concurrently in a single
crystal of Nb provided convincing evidence of a quasi-
first-order transition, from flux line lattice to amorphous
vortex solid, across the onset of the PE anomaly [26].
The SMP on the other hand, is widely accepted [9, 18, 19]
as a disorder or pinning-induced transition amounting to
a well ordered Bragg glass (BG) state transforming to
a multi-domain vortex glass (VG) phase [4, 5, 20, 44].
The first-order nature of BG to VG transition, however,
awaits convincing elucidation. In spite of advances in
understanding and continuous updating of the vortex
phase diagrams of a variety of type-II superconductors
[32, 33, 35, 45], several issues still remained to be fully
comprehended. One of these is the delineation between
the SMP and PE anomalies when they juxtapose, and
the underlying physics represented by them.
Motivated by the aforesaid interesting features re-
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ported for a variety of superconductors, we have now
investigated another low Tc (∼ 7.10K) [46–48] supercon-
ductor Ca3Ir4Sn13, which belongs to the family of ternary
stannides [49] having cubic structure. This compound
has attracted particular attention in recent years. For
example, there have been evidences for nodeless super-
conductivity [48] and a coexistence of superconductivity
and ferromagnetic spin fluctuations [47] (attributed to
Ir 4d-band) in Ca3Ir4Sn13. However, to the best of our
knowledge, studies related to vortex phase transforma-
tions in its superconducting mixed state have not been
reported in this compound. In this work, we present a
comparison of different outcomes of the ac and dc mag-
netization measurements performed in a weakly pinned
(ratio of depinning and depairing current densities is
∼ 10−5) single crystal of Ca3Ir4Sn13. The magnetization
data reveal a very broad composite anomalous variation
in jc(H,T ) which amounts to an order-disorder transfor-
mation in the vortex matter, however, the specific phase
boundaries, pertaining to the order-disorder transforma-
tion, obtained from the ac and the dc measurement tech-
niques are found to be significantly different. We can
identify a certain region of the phase space where the ac
field unexpectedly assists the transformation of the quasi-
ordered BG into the partially disordered VG phase. In a
different region of the H–T phase space, the ac drive is
seen to enhance the quality of spatial order of the under-
lying vortex matter, which inter alia is indicative of an-
other order-disorder transition occurring in that portion
of phase space, which gets exposed under the influence of
an ac field. The two contrasting roles of the ac drive in
different portions are attributed to the juxtaposition of
the SMP anomaly (pinning induced) and the peak effect
(PE) phenomenon (collapse of elasticity induced amor-
phization of the vortex matter). The unusual outcome of
the imposition of an ac drive near the onset field of SMP
anomaly in the present report also corroborates a very
recent finding [50] in a different class of superconductor,
(i.e., in Ba0.5K0.5Fe2As2), wherein a large ac field (∼ 12
Oe) lowers the onset field value of the anomalous change
in jc at a given temperature, thereby elucidating the role
of ac driving force in facilitating the spatial disordering of
the vortex matter in a portion of the phase-space where
the ordered state is metastable superheated state.
II. EXPERIMENTAL DETAILS
The single crystals of Ca3Ir4Sn13 were grown by tin
flux method [46]. The crystal chosen for the present
study is platelet shaped, with a planar area of 4.7mm2
and with thickness of 0.64mm, and mass of 26.2mg. The
ac and dc magnetization measurements were performed
in a Superconducting Quantum Interference Device -
Vibrating Sample Magnetometer (SQUID-VSM, Quan-
tum Design Inc., USA). The amplitude of the vibration in
SQUID-VSM was kept small for all the dc magnetization
measurements so as to avoid artifact that could arise from
Figure 1: (Color online) (a) Real part of the ac susceptibility,
χ′(T ) (in normalized units) plotted against temperature at various
dc magnetic fields (applied parallel to the plane of platelet shaped
crystal and as indicated). Inset (i) shows the saturated χ′(T ) re-
sponse for Hdc = 0, and the inset (ii) displays its magnified por-
tion near Tc. (b) Portion of χ′(T ) curve for Hdc = 15 kOe showing
an anomalous modulation prior to the transition to the normal
state. (c) Portion of derivative plot of χ′(T ) (with respect to T )
for Hdc = 15 kOe locating the temperature (Tp(H)) corresponding
to a position of a maximum in jc(T ).
possible magnetic field inhomogeneity of a superconduct-
ing magnet along the length of sample movement. The
ac magnetization measurements were performed by su-
perimposing an oscillating magnetic field on various dc
magnetic fields. The peak amplitude and the frequency
of the driving ac field were chosen as 3.5Oe and 211Hz,
respectively.
3III. RESULTS
A. Ac susceptibility: Identification of anomalous
variation in critical current density.
1. Isofield ac susceptibility measurements
Figure 1(a) shows the temperature dependences of the
real part of the isofield ac susceptibility (χ′(T )) in dc
fields (applied parallel to plane of the platelet shaped
sample), as indicated. The χ′(T ) plots have been normal-
ized with respect to the saturated value of χ′ recorded at
T = 2K for Hdc = 0. The χ′(T ) curve for Hdc = 0 shows
the saturated behavior at low temperatures (see the inset
(i) of Fig. 1(a)), revealing the characteristic full magnetic
shielding effect, typical of a superconductor. The super-
conducting transition temperature, Tc(Hdc = 0) ≈ 7.1K,
obtained via the onset of diamagnetic response (see ex-
panded plot in the inset (ii) of Fig. 1(a)) from this mea-
surement agrees with the Tc reported for this compound
in Ref. [47]. The χ′(T ) response for Hdc = 5 kOe in
the main panel of Fig. 1(a) shows a much broader transi-
tion to the normal state depicting the monotonically de-
creasing value of χ′(T ) as the temperature is increased.
Since χ′ is related to the critical current density, jc(H,T )
((χ′ ∼ −βjc/hac) [10], where hac is the amplitude of the
ac drive and β depends on the size and geometry of the
sample), the fall in |χ′(T )| reflects a decrease in jc(H,T )
with increasing temperature. However, the χ′(T ) re-
sponse for Hdc = 10 kOe shows an unusual deviation
from the smooth monotonic decrease prior to the super-
conducting to normal transition, which in turn indicates
a possible non-monotonic behavior of jc. This modula-
tion in χ′(T ) becomes more pronounced forHdc = 15 kOe
(marked by arrow) and for Hdc = 20 kOe, but the same
characteristic could not be identified clearly at higher
fields (Hdc > 25 kOe). In order to bring out the interest-
ing characteristics of this modulation, we now examine
in Fig. 1(b), the behavior of χ′(T ) near the region, where
this modulation is observed for Hdc = 15 kOe. This fea-
ture can be more clearly discerned in an expanded plot of
the derivative of χ′(T ) with respect to T (see Fig. 1(c)).
The point of inflection in χ′(T ), where the slope value
is minimum, identifies the maximum in jc as a function
of temperature at a constant field. This temperature
is marked as Tp(H) (∼ 4.56K). After Tp(H), the slope
dχ′/dT increases abruptly, reaching a maximum value
and then falling to a value close to zero.
2. Isothermal ac susceptibility measurements
To further understand the details of the modula-
tion in jc(H,T ) reflected in the isofield ac susceptibility
measurements, we recorded isothermal ac susceptibility,
χ′(H), data as well, where the above discussed anoma-
lous trend could be observed more clearly over a wide
range of temperatures (T ≤ 5.5K), as shown in Fig. 2(a)
Figure 2: (Color online) (a) Isothermal ac susceptibility (χ′(H))
plotted against the dc magnetic field at various temperatures, as
indicated. PE phenomenon could be observed for T < 5.5K. (b)
Portions of χ′(H) (in normalized units) and dχ′/dH (in arbitrary
units) plots at T = 4.5K. The first zero crossing in dχ′/dH indi-
cates the onset (Hon,acp ) of the PE, whereas the second one marks
the peak field (Hacp ) of the PE.
(χ′(H) values are normalized with respect to their sat-
urated value at H = 0). The specimen was cooled in
a nominal zero field down to a desired temperature and
then the χ′(H) data were recorded while increasing the dc
field. The χ′(H) response at each temperature initially
decreases as the magnetic field is enhanced from zero field
value, revealing the usual fall in jc(H) with increasing
field at a constant temperature. However, an anomalous
dip in χ′(H) response can be seen at higher field values.
As the temperature is increased, the onset field values
of this dip gradually shift towards lower field values (cf.
Fig. 2(a)), reaching closer to the respective critical field
values of superconducting-normal transition, which, in
turn, suggests that the observed anomaly is akin to the
well documented peak effect (PE) phenomenon [2, 3, 7–
16, 25–38]. In Fig. 2(b), we show an expanded portion
of χ′(H) response at T = 4.5K, where the onset field
(Hon,acp ) of the peak effect like feature and the peak field
(Hacp ) of the PE are indicated by arrows. We further
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Figure 3: (Color online) (a) Temperature dependences of the ac
susceptibility (χ′(T )) for dc field = 15 kOe, applied perpendicular
as well as parallel to the plane of the platelet shaped crystal. The
two orientations of the crystal (relative to field) are drawn in this
panel. (b) Isothermal χ′(H) response (normalized) for these two
orientations of the crystal at T = 4K (main panel) and T = 2.5K
(inset panel).
clarify the PE feature by plotting the derivative of χ′
with respect to H at T = 4.5K in the same panel. The
derivative curve (dχ′/dH) in Fig. 2(b) may appear on
first examination to be analogous to the derivative plot
dχ′/dT at Hdc = 15 kOe (cf. Fig. 1(c)). However, it is to
be noted that the derivative of χ′(H) with respect to H
in Fig. 2(b) has two zero crossings; the first one is taken
to imprint the onset of peak effect like anomaly (Hon,acp )
and the second one identifies the peak position of the PE
(Hacp ).
3. Sample geometry and anomalous variation in current
density
The sample geometry and demagnetization factor can
affect the state of the spatial order of vortex matter in a
given sample due to edge effects [51, 52], which in turn
could influence the triggering of the anomalous variation
in jc in isofield/isothermal scans. This motivated us to
measure the ac susceptibility with field applied normal to
the plane of the Ca3Ir4Sn13 sample. We show in Fig. 3(a),
a comparison of χ′(T ) in the two different orientations:
H parallel and perpendicular to the plane of the sample.
It is apparent that a deviation from the monotonically
decreasing χ′(T ) is present across nearly identical tem-
perature intervals in both the orientations. The anomaly
is also present in isothermal χ′(H) responses across simi-
lar field intervals for both the orientations; typical curves
are shown for T = 4K (Fig. 3(b)) and T = 2.5K (an in-
set in Fig. 3(b)). Thus, we may conclude that the above
stated features observed in the ac susceptibility are char-
acteristic of the pinned vortex matter in the bulk of the
Ca3Ir4Sn13 crystal. The anomalous peak feature is some-
Figure 4: (Color online) (a) Isothermal M–H scans (first two
quadrants) recorded at different temperatures, as indicated. In-
set shows one typical M(H) curve recorded at T = 2K with the
two peaks occurring in M(H) curve marked as I and II peak. (b)
Expanded portions of theM(H) loops near an anomalous enhance-
ment in hysteresis width (∆M = M(H ↑) −M(H ↓)) obtained at
different temperatures. The irreversibility field (Hirr) and the up-
per critical field (Hc2) have been located in the M(H) curve at
T = 2.5K (see inset).
B Identification of the second magnetization peak (SMP): dc magnetization hysteresis loops. 5
what less prominent for H perpendicular to the plane of
the crystal, presumably due to the pinned vortex state
being less spatially ordered prior to the PE in this ori-
entation. The vortex phase boundaries determined from
the characteristic features of the anomalous variation in
jc are however found to be not significantly dependent
on the demagnetization factor and the sample geometry.
B. Identification of the second magnetization
peak (SMP): dc magnetization hysteresis loops.
1. Isothermal M-H scans
Figure 4(a) displays the first two quadrants of isother-
mal magnetization data, i.e.,M–H loops recorded at var-
ious temperatures, for field applied parallel to the plane
of the platelet sample. The sample was first cooled in
nominal zero field down to a desired temperature and
the magnetization was recorded while ramping the field
@ 100Oe/s well beyond the upper critical field, and then
back to zero. Figure 4(b) presents the portions of M–H
loops in the vicinity of an anomalous enhancement seen
in the hysteresis width (∆M(H) = M(H ↑)−M(H ↓)).
As per a prescription of the Bean’s critical state model
[53], the hysteresis width (∆M(H)) of the M(H) curve
is roughly proportional to jc(H) [54]. Therefore, the sec-
ond magnetization peak feature [9, 15, 16, 18–24] ob-
served in the M(H) curves (Fig. 4) reflects an anoma-
lous modulation in jc(H), which, in turn, could be in-
dicative of an order-disorder transition in the vortex
matter. The M(H) data show that the onset position
(marked as Hon,dcSMP in Fig. 4(b)) of this anomaly is nearly
temperature-independent in the range 2K≤T ≤ 3.5K
(shown by a dashed arrow line in Fig. 4(b)). The on-
set field (Hon,dcSMP ) of the characteristic anomalous feature
is located far away from the threshold field value (Hc2)
of the superconducting-normal transition for T < 4K,
which is in contrast to the quintessential PE phenomenon
typically located at the edge of the Hc2 in very weakly
pinned superconductors. The anomalous variation in
jc(H) located away from Hc2 (see inset in Fig. 4(b) for
location of Hc2 at 2.5K) is termed as the SMP anomaly.
The inset in Fig. 4(b) also shows that the forward
(M(H ↑) and reverse (M(H ↓)) magnetization curves
merge at a field identified as the irreversibility field, Hirr.
2. Magnetization response above the irreversibility
field/temperature
Figure 5(a) illustrates a portion of the M–H curve at
T = 4.5K, wherein one can note a large field interval
of reversible magnetization beyond Hirr. It could be ar-
gued that the linear extrapolation of the nearly reversible
magnetization beyond Hirr to theM = 0 axis would lead
to an estimate of the upper critical field Hc2, in accor-
dance with the Ginzburg-Landau theory [55]. However,
Figure 5: (Color online) (a) Portion of M–H curve at T = 4.5K
near the superconducting-normal transition. TheM–H curve when
linearly extrapolated (dotted lines) beyondHirr, yields a character-
istic fieldH∗. The onset of diamagnetism is marked asHc2 (> H∗).
Portions of ZFC and FCW curves obtained at H = 1 kOe (panel
(b)) and H = 15 kOe (panel (c)). An inset in panel (b) shows the
merger of ZFC and FCW occurring at Tirr for H = 1 kOe.
in the present case, the linear extrapolation of magne-
tization data beyond Hirr to the M = 0 axis identifies
another characteristic field, H∗(T ), which is significantly
lower than the Hc2 value marked in Fig. 5(a).
To further comprehend the behavior inM(H) response
between Hirr and Hc2, we now draw attention to the
isofield dc magnetizationM(T ) data plotted in Figs. 5(b)
and 5(c). These two panels show the zero field-cooled
(ZFC) and field-cooled warm-up (FCW ) magnetization
responses at H = 1 kOe (Fig. 5(b)) and H = 15 kOe
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(Fig. 5(c)). The sample was cooled in nominal zero field
down to T ∼ 2K, a field was applied and the magneti-
zation was recorded while warming to obtain MZFC(T ).
The sample was then cooled from T > Tc in the same field
down to T ∼ 2K and the magnetization was recorded
while warming, which is the MFCW (T ). It can be seen
that theMZFC(T ) andMFCW (T ) curves merge at a tem-
perature, nominally marked as the irreversibility temper-
ature Tirr (see the inset in Fig. 5(b), where this tempera-
ture is marked for H = 1 kOe). Usually, a linear extrap-
olation of the (equilibrium) magnetization above Tirr to
the M = 0 axis is taken to identify the superconducting
transition temperature Tc(H). However, similar to the
M(H) response near the superconducting transition (cf.
Fig. 5(a)), there exists a nearly reversible diamagnetic re-
sponse persisting up to a higher temperature, which we
have marked as the critical temperature, Tc(H). Thus,
the linear extrapolation of M(T ) curve above Tirr to the
M = 0 has been identified with a characteristic temper-
ature T ∗(H) (< Tc(H)) in Figs. 5(b) and 5(c).
IV. DISCUSSION: THE VORTEX PHASE DIA-
GRAM
The results of both ac and dc magnetization measure-
ments can finally be summarized by constructing a field-
temperature (H–T ) phase diagram for a given crystal of
Ca3Ir4Sn13. Figure 6 illustrates this phase diagram de-
picting the various vortex phases separated by the bound-
aries/crossover regimes, as indicated. The phase bound-
ary corresponding to the onset of the peak anomaly in
jc(H) (Hon,acp ), as extracted from the ac χ′(H) plots, lies
significantly below than the onset of the SMP (Hon,dcSMP )
line obtained from the dc M(H) curves. However, con-
sidering that both the SMP and the PE anomalies signify
order-disorder transformation(s) in the vortex state, the
region - I enclosed between the onset field values of the
two anomalies, (viz. between Hon,acp (T ) and H
on,dc
SMP (T )
lines in the main panel of Fig. 6), is to be viewed as
a well ordered vortex state via the dc M(H) measure-
ments. The same field interval construes as a disordered
region in view of the anomalous response observed in this
region in the ac χ′(H) measurements. The superposed
ac magnetic field in the χ′(H,T ) measurements per se
acts as an additional driving force on the pinned vor-
tex matter. Such a driving force is typically known to
transform a metastable vortex configuration towards an
equilibrium configuration in a given (H,T ) region [26, 56]
by virtue of shaking the vortices around their mean lo-
cations. It is pertinent to recall here that from small an-
gle neutron scattering measurements on the vortex mat-
ter in a weakly pinned crystal of Nb, Ling et al. [26],
had vividly shown that metastable disordered/ordered
states possible below/above the onset of the PE bound-
ary transform to their equilibrium ordered/disordered
states in the respective (H,T ) regions on shaking with
an ac drive. In this context, in the present situation in
Ca3Ir4Sn13, the observation of disordered configuration
(region - I) in the ac χ′(H) measurements below the onset
position of the SMP line is counter-intuitive. It would be
more appropriate to state that the ordered state is an
equilibrium state only below Hon,acp (T ) (shown by thick
line in Fig. 6). The ordered configuration observable in
dc magnetization measurements between Hon,acp (T ) and
Hon,dcSMP (T ) can thus be identified with the notion of super-
heating of the BG phase above the Hon,acp (T ) line. The
said superheated BG state transforms to its disordered
version above the first order like Hon,acp (T ) line under the
influence of an ac driving force in region - I.
In Fig. 6, it is instructive to note further that Hacp (T )
line lies above the Hdc+p (T ) line (the latter obtained from
forward legs of the M(H) curves, cf. Fig. 4(b)). If the
(H,T ) region above Hdc+p (T ) line is to be viewed as an
amorphous vortex matter, the H–T phase space (i.e., re-
gion II) bounded between Hdc+p (T ) and Hacp (T ) lines is
such that an ac driving force is seen to improve the state
of spatial order in the vortex matter in this region. This
is in sharp contrast to the situation in region - I. On the
basis of effect of an ac drive in this region (II), one can
also argue that the peak field of the SMP (Hdc+p ) marks
the onset of another order-disorder transition; such an in-
ference is possible only by combining the outcomes of the
influence of an ac drive with those obtained from M(H)
data, where such a drive is not present. The amorphised
state of the vortex matter as an equilibrium state thus
emerges above the Hacp (T ) values (thick line in Fig. 6),
instead of the usually presumed Hdc+p (T ) values (dotted
line in Fig. 6), as marked from the dc M–H scans. It
may be added here that the Hon,acp (T ) and Hacp (T ) lines
are independent of frequency in the range 10Hz to 103Hz
in which we repeated the ac susceptibility measurements
in our set up.
Considering that the onset (Hon,dcSMP (T )) of SMP is
nearly temperature independent (for T < 4.5K) and is
located far below the Hc2 line in Fig. 6, we are lead to
surmise that theH–T region betweenHon,dcSMP andHdc+p as
the multi-domain vortex glass (VG) state [4, 5, 20, 44], in
comparison to the assigned nomenclature of Bragg glass
(BG) to the vortex matter below the onset position of
the anomalous variation in critical current density. In the
absence of an ac drive, the BG extends up to Hon,dcSMP (T )
line, whereas in the presence of a drive, BG state would
get restricted up to Hon,acp (T ) line. We noted above that
for T < 4.5K, the H–T phase space between Hon,acp (T )
and Hacp (T ) lines can be subdivided notionally into three
parts on the basis of effects of an ac drive on the underly-
ing state of order in the vortex matter. Above T = 4.5K,
we did not observe the fingerprint of SMP anomaly in the
dc M–H data. The (H–T ) region in dotted rectangular
box in Fig. 6 pertains to (H–T ) phase space, where we
observe only the PE anomaly in the ac χ′ data. In the
boxed region, Hon,acp (T ) line continues to mark the BG
to multi-domain VG transition and Hacp (T ) marks the
amorphization of the vortex solid within the domains
7Figure 6: (Color online) Vortex phase diagram in the given Ca3Ir4Sn13 crystal, comprising phase boundaries obtained from both ac and
dc magnetization data. Region-I enclosed between the onset of SMP (Hon,dcSMP (T ) extracted from dc M–H scans) and the onset of PE
(Hon,acp (T ) obtained from ac χ′(H)) corresponds to the (H–T ) phase space where an ac drive promotes disordering. Contrary to this, in
the region-II bounded by the peak fields (Hacp (T ) obtained from ac χ′(H)) of the PE and the SMP (Hdc+p (T ) extracted from dc M–H
scans) anomalies, an imposition of an ac drive shows an improvement in ordering. The characteristics field H∗(T ) (as obtained in Fig. 5)
lies between Hirr and Hc2 as shown. Inset shows that H∗ and Hc2 remain well separated even in the close proximity of Tc..
in response to the collapse of its elasticity. In this re-
gion (T > 4.5K and 6.8 kOe< H < 15 kOe), the Hacp (T )
line is in closer proximity of the irreversibility (Hirr,Tirr)
line. We recall that in a weakly-pinned conventional su-
perconductors, where the PE phenomenon extends over
a narrow (H,T ) region and the irreversibility line lies in
close proximity of the peak field/temperature of the PE,
peak field of PE and/or the irreversibility line can be
identified as the melting line. The vortex matter in be-
tween Hacp (T ) and Hirr(T ) is often termed to be pinned
liquid. Therefore, in the boxed region (T > 4.5K and
6.8 kOe< H < 15 kOe), the Hirr(T ) could be accepted
as the melting line. In (H,T ) domain, where the peak
field/temperature of the PE is located far away from
the irreversibility line (as in the interval T < 4.5K and
H > 15 kOe), the vortex matter above the peak field of
the SMP/PE perhaps comprises an admixture of pinned
liquid and amorphous solid phases.
We now focus attention on to the reversible region
bounded in between (Hirr, Tirr) and (Hc2, Tc) lines in
the main panel of Fig. 6. It can be seen that the Hc2
enhances in a linear way as temperature decreases be-
low the superconducting transition temperature of 7.1K.
The irreversibility line also displays linear variation be-
low T ∼ 6.2K. The inset in Fig. 6 shows that above T =
6.2K, the irreversibility line has a long tail, which ap-
pears to terminate near T = 6.85K as H → 0. In Fig. 6,
we have also chosen to plot the (H∗, T ∗) data points ob-
tained from linear extrapolation of the reversible mag-
netization response, they lie in between the irreversibil-
ity and the Hc2(T ) lines. It is instructive to note that
H∗(T ) runs parallel to the Hc2(T ) line and it also meet
the T = 0 axis at T ∼ 6.85K, distinct from the Tc
value of 7.1K. If one asserts that the reversible magneti-
zation represents an equilibrium magnetization response
and concerns with the mean field description of a type -
II superconductor which predicts linear magnetization
response, one may conclude that the superconducting -
normal transition ought to terminate at H∗/T ∗, rather
than its extension up to a higher field (Hc2)/higher tem-
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Table I: Superconducting parameters estimated for Ca3Ir4Sn13 using the GL theory at T = 2K
λ ξ Hc1 Hc2 κ Gi jc/j0 (at 15 kOe)
2712Å 76Å 80 Oe 56.4 kOe ∼ 35 ∼ 1.5× 10−8 ∼ 10−5
perature (Tc) as apparent from the M(H)/M(T ) plots
(cf. Fig. 5). The deviation from the mean field descrip-
tion near the superconducting transition in the case of
Ca3Ir4Sn13 deserves a more detailed understanding. The
recent observation of ferromagnetic spin fluctuations in
Ca3Ir4Sn13 [47] could be advanced as a rationale for these
deviations, however, such a surmise may get discounted
from the argument that the application of high fields
ought to suppress the spin fluctuations, whereas in the
present case, the separation between H∗(T ) and Hc2(T )
lines actually enhances at larger field values as apparent
from Fig. 6.
V. SUMMARY
To summarize, we have explored the vortex phase di-
agram in a weakly-pinned single crystal of a low Tc
superconductor, Ca3Ir4Sn13, which is attracting ade-
quate attention in the recent literature for its novel
physics. Table-1 contains various superconducting pa-
rameters evaluated (at T = 2K) for Ca3Ir4Sn13, us-
ing the Ginzburg-Landau theory. The weak pinning na-
ture of this compound is reflected by the ratio of depin-
ning and depairing current densities (jc/j0) ~ 10−5. The
smallness of this ratio may be attributed to the presence
of point defects and metallurgical source [57] of disor-
der in such compounds. The ac susceptibility (χ′(H,T ))
measurements have revealed the occurrence of PE phe-
nomenon in this compound. On the other hand, the re-
sults of dc magnetization measurements reflect features
typically identified with the second magnetization peak
anomaly. The phase boundaries constructed by both
the ac as well as the dc data prompt us to identify the
metastable regions in the vortex phase diagram of this
compound. The region lying between the onset lines of
the SMP (Hon,dcSMP (T )) in dc data and the PE like phe-
nomenon (Hon,acp (T )) in the ac data is taken as a super-
heated ordered vortex matter, which sees an enhance-
ment in spatial disordering under the influence of an ac
field. In contrast to this, the region lying between the
peak field of the PE (Hacp ) and the SMP (Hdc+p ) anoma-
lies exhibits enhancement in the ordering due to the effect
of an ac drive. Such an effect ceases at higher tempera-
tures (T > 4.5K) because of the absence of the SMP fea-
ture there, only PE stands depicted at T > 4.5K and for
field values lying between 5 kOe and15 kOe. The region
of the H–T phase space over which the anomalous varia-
tion in jc(H) predominates, is very broad and it bears re-
semblance with anomalous data in several other low Tc as
well as high Tc superconductors, including the Cuprates.
The broad (H,T) region comprises per se two transitions,
a Bragg glass (BG) to vortex glass (VG) transition com-
mencing at Hon,acp (T ) (as in Fig. 6 for Ca3Ir4Sn13) and
the amorphization of the vortex matter commencing at
Hdc+p (T ) (as in Fig. 6). The Hacp (T ) line for Ca3Ir4Sn13
in Fig. 6 can be taken to mark the spinodal line of the
second transition. The gap between Hdc+p and Hacp val-
ues progressively decreases as T approaches 4.5K, and at
5K, the said difference ceases to exist as the PE in the
ac susceptibility subsumes the notion of SMP.
In the end, we may point out that the vortex phase di-
agram (Fig. 6) of Ca3Ir4Sn13 also raises an important is-
sue regarding the source of diamagnetic response between
H∗/T ∗ and Hc2/Tc. As per the G - L theory, the ex-
pected upper critical field/temperature should have been
the (H∗, T ∗) line in Fig. 6, the experimental values of
the same are slightly enhanced to (Hc2, Tc) line. There is
a significant separation between the two lines ((H∗, T ∗)
and (Hc2, Tc)) even in an infinitesimally small field, as
they intersect the temperature axis at T ∼ 6.85K and
Tc, respectively. It is also pertinent to note that the G -
L theory does not explicitly take into account the spatial
ordering of the vortex matter. We have witnessed a re-
versible (amorphous) region (in the dc M(H)/M(T ) re-
sponse) that emerged from the disordered configuration
(PE) of the vortex matter, wherein (i.e., above (H∗, T ∗)
line) the mean field description does not hold. A possible
source for such an unusual observation could be the exis-
tence of surface superconductivity [58] above the H∗/T ∗
line and surviving up to theHc2/Tc line in theH–T phase
space. Efforts to explore this region of vortex phase dia-
gram are currently in progress [59], with some significant
success in sight.
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